[1] A global Earth System model is employed to investigate the role of direct temperature effects in the response of marine ecosystems to climate change. While model configurations with and without consideration of explicit temperature effects can reproduce observed current biogeochemical tracer distributions and estimated carbon export about equally well, carbon flow through the model ecosystem reveals strong temperature sensitivities. Depending on whether biological processes are assumed temperature sensitive or not, simulated marine net primary production (NPP) increases or decreases under projected climate change driven by a business-as-usual CO 2 emission scenario for the 21st century. This suggests that indirect temperature effects such as changes in the supply of nutrients and light are not the only relevant factors to be considered when modeling the response of marine ecosystems to climate change. A better understanding of direct temperature effects on marine ecosystems is required before even the direction of change in NPP can be reliably predicted.
Introduction
[2] Climate change is expected to have diverse impacts on marine ecosystems . Estimates of possible future changes in marine are generally based on numerical models. Most model studies addressing the response of marine ecosystems and biogeochemistry to climate change have, so far, focused on the effects of changes in nutrient or light availability. These are mostly attributable to enhanced stratification and weaker vertical mixing [Bopp et al., 2001; Boyd and Doney, 2002; Plattner et al., 2001] and are thus indirect effects of rising surface temperatures. An analysis of different biogeochemical climate models found a coherent decline of both NPP and export production under projected 21st century global warming [Steinacher et al., 2010] . In contrast, Sarmiento et al. [2004] found an increase in projected 21st century NPP, using a semiempirical approach, which combines climate model projections and satellite-based primary production algorithms. They identified the temperature sensitivities of the primary production algorithm as the main cause for the predicted increase in primary production.
[3] Up to now, modeling studies have paid only little attention to the direct biological impacts of higher temperatures in simulations of global warming, although experimental evidence suggests a positive correlation between temperature and phytoplankton growth [Duarte, 1995; Eppley, 1972] and effects of elevated temperatures at the ecosystem level [Muren et al., 2005; Wohlers et al., 2009 ]. Yet, the description of direct temperature effects differs considerably among different models [Steinacher et al., 2010] . Here we specifically investigate the sensitivity of simulated 21st century's changes in marine primary production to the consideration of direct temperature effects on metabolic processes.
Methods
[4] The model employed is the University of Victoria (UVic) global Earth system model [Schmittner et al., 2008; Weaver et al., 2001] . It includes a simple NPZD type marine ecosystem model with the two nutrients phosphate and nitrate, two phytoplankton classes (nitrogen fixers and other phytoplankton) and one zooplankton type. Furthermore it contains a parameterization of fast nutrient recycling as a representation of the microbial loop and the cycling of dissolved organic matter [Schartau and Oschlies, 2003] . In the standard version [Schmittner et al., 2008] , hereafter called TEMP, biological production and remineralization processes depend on temperature via an Eppley formula [Eppley, 1972] with a Q 10 value of 1.88. In a sensitivity experiment (NOTEMP), all temperature-dependent rate coefficients are replaced by constant values.
[5] Rate constants of the NOTEMP run are chosen as fluxweighted global averages of the temperature-dependent rates of the TEMP experiment. For instance, the maximum growth rate of phytoplankton is directly dependent on temperature:
The term b cT is calculated with temperature T and the sensitivity parameters b = 1.066 and c°C = 1.0. In configuration NOTEMP the temperature-sensitivity c is 0.0, and thus b cT = 1.0. To ensure that global biogeochemical fluxes are as close as possible to those of experiment TEMP, other parameters describing the respective biological processes are readjusted by the process-weighted global-mean temperature term b cT proc with T proc , in the case of NPP, given Table 1 .
[6] After a spin-up of 4,000 years with preindustrial boundary conditions (e.g., insolation, fixed atmospheric CO 2 of 280 ppm), the models are forced using fossil fuel and land use carbon emissions as well as solar, volcanic and anthropogenic aerosol forcing reconstructed from different datasets for the period 1765 to 2000 [Schmittner et al., 2008] . From year 2000 onwards, the model is forced by anthropogenic CO 2 emissions following the IPCC SRES A2 ("business-as-usual") scenario. Consequently, both model simulations account for indirect temperature effects of CO 2 -driven global warming, such as changes in circulation and stratification and associated impacts on nutrient and light supply. However only model TEMP accounts for the direct effects of elevated temperatures on metabolic rates.
Results and Discussion

Present Day Conditions
[7] Simulated nutrient, carbon, and oxygen fields in both models agree well with observations ( Figure 1 ). Compared to data from the World Ocean Atlas [Garcia et al., 2006] the global average root mean square (RMS) error for phosphate is 0.138 mmol m −3 in run TEMP and 0.157 mmol m −3 in model NOTEMP. This RMS error is at the lower end of errors found in previous modeling studies [Doney et al., 2009; Kriest et al., 2010] . Global marine net primary production simulated for the year 2000 amounts to 49.0 GtC yr −1 in model TEMP and 56.0 GtC yr −1 in model NOTEMP. Both numbers are in good agreement with diverse satellite-based estimates of 49 to 60 GtC yr −1 for NPP in the world oceans [Behrenfeld et al., 2006; Carr et al., 2006] . Datasets on NPP used here ( Figure 2a) give 54.1 GtC yr −1 [Behrenfeld and Falkowski, 1997] and 56.7 GtC yr −1 [Westberry et al., 2008] . Export production is also of similar magnitude in both model configurations, reaching 8.7 GtC yr −1 in run TEMP and 11.3 GtC yr −1 in run NOTEMP ( Figure 2d ). These numbers also agree with observation-based estimates from previous studies [Oschlies, 2001; Schlitzer, 2004] .
[8] Despite these similarities on the global scale, the spatial patterns and underlying controls of the various biological processes show some major differences between the two model configurations (Figures 2a-2d ): In configuration TEMP, high values of NPP in the tropical oceans are accompanied by high recycling rates, especially remineralization and fast recycling via the microbial loop from phytoplankton back to dissolved inorganic nutrients, since all these processes occur faster at higher temperatures. Essentially, a short circuit is established, in which NPP is again fueled by rapidly regenerated nutrients and relatively little biomass is exported to depth (∼10% of NPP). In run NOTEMP, the absence of a direct positive effect of temperature on metabolic rates yields lower tropical NPP, lower remineralization and less intense recycling of phytoplankton biomass back to nutrients. However, simulated export production in the tropical ocean turns out to be even higher in run NOTEMP, as less biomass is lost through recycling processes, leaving a higher fraction of NPP (∼19%) available for export to depth. At high latitudes the pattern is reversed. NPP reaches high levels in run NOTEMP. However, a large portion of organic matter is recycled in the surface ocean, as there is no slowdown by low water temperatures. Consequently, the amount of organic matter that is exported to depth is relatively small compared to the high level of NPP (∼13%). In run TEMP, the high-latitude ecosystem works at a much lower level of biomass production. NPP is inhibited by low temperatures and reaches not even a quarter of high-latitude NPP of run NOTEMP. All recycling processes are also slowed down by low temperatures in run TEMP, channeling a relatively large fraction of simulated high-latitude NPP (∼33%) into export of sinking particles. Regional differences in export production between the two model configurations are relatively small compared to the (Figure 2a) includes SeaWiFS estimates using VGPM [Behrenfeld and Falkowski, 1997] (blue) and CBPM2 [Westberry et al., 2008] (green) algorithms, and export of organic matter (Figure 2d ) includes observation-based export estimates [Schlitzer, 2002 [Schlitzer, , 2004 (green).
pronounced differences in NPP. Also, NPP and export production in both models compare about equally well with observation-based estimates (Figures 2a and 2d) .
Response to Climate Change
[9] Following the SRES A2 emission scenario, simulated global sea surface temperatures increase by 2.0°C in the 21st century [Schmittner et al., 2008] . Physical changes of the ocean, like enhanced thermal stratification, reduced upwelling and weaker vertical mixing lead to reduced supply of nutrients to the surface ocean in both models. Being closely tied to simulated nutrient supply, global export production responds very similarly in both model configurations over the period 2000-2100, with a decrease from 8.7 to 8.2 GtC yr −1 (−6.1%) in model TEMP and a decrease from 11.3 to 10.3 GtC yr −1 (−7.2%) in model NOTEMP (Figure 3 ). The response also shows a similar spatial pattern in both model simulations (Figure 2h ). In contrast, changes in individual ecological processes turn out to differ considerably among the two model configurations: In run NOTEMP, all globally-averaged carbon and nitrogen fluxes associated with any biological process decrease in response to climate change (Figure 3b ). In particular, simulated annual NPP decreases from 56.0 to 53.0 GtC yr −1 from year 2000 to 2100 (−5.3%). This change is directly linked to the decrease in nutrient supply. In contrast, in configuration TEMP simulated global NPP increases from 49.0 to 51.7 GtC yr −1 (+5.2%) during the same period (Figure 3a) despite the decline in export production. Besides NPP, fast recycling of phytoplankton increases significantly from 16.0 to 18.7 GtC yr −1 (+16.9%) in model TEMP. This indicates a faster spinning of the microbial loop under elevated temperatures, and a corresponding increase in regenerated production.
[10] Latitudinal differences in the response to simulated climate-induced changes in metabolic rates are shown in Figures 2e-2h : At high latitudes NPP and phytoplankton biomass moderately increase in both model configurations. This is mainly due to the shoaling of the mixed layer, the retreat of sea ice and a longer growing season. The increase in high-latitude NPP is also accompanied by an increase in export production in both models. Major differences between the two models occur at low and intermediate latitudes. In model TEMP, both NPP and phytoplankton biomass increase in most parts of the tropical and subtropical oceans (Figure 2e ). The strongest response can be observed for fast recycling from phytoplankton back to inorganic nutrients (Figure 2f ). Its acceleration is tightly coupled to NPP, since the build-up of biomass provides the substrate for fast recycling, which in turn restores nutrients and thereby fuels NPP. At the same time, simulated export production remains closely tied to nutrient supply, which is affected only indirectly by temperature and hence shows a similar decrease under global warming in runs TEMP and NOTEMP. However, in run NOTEMP, both NPP and biomass of phytoplankton also show a decrease in the tropical and subtropical oceans. Without the enhancement of recycling processes by higher temperatures, regenerated production decreases along with new production (Figures 2e and 2h) . Consequently, spatial differences in the simulated response of NPP among the two model configurations correspond to differences in the simulated response of the microbial loop to global warming.
[11] The global-warming induced increase in NPP in configuration TEMP appears contradictory to the results of studies by Gregg et al. [2003] and Behrenfeld et al. [2006] which are based on satellite measurements and suggest a predominantly negative correlation of increasing temperatures and marine NPP. However, these studies cover a relatively short time span and do not disentangle direct and indirect effects of temperature changes. When satellite NPP algorithms were applied to changes in the physical environment projected for the end of the 21st century, Sarmiento et al. [2004] inferred an increase in marine NPP in response to warming, which would agree with the results of our model configuration TEMP.
[12] The results of model TEMP also appear to agree better with empirical evidence on the relationship between temperature and phytoplankton growth [Eppley, 1972; Moisan et al., 2002] and with observed responses of marine ecosystem processes to elevated temperatures. Recent mesocosm experiments revealed a clear effect of elevated temperatures on ecosystem functioning and carbon cycling, with a generally stronger temperature dependence of heterotrophic processes [Muren et al., 2005; Wohlers et al., 2009] . While a coherent effect of elevated temperatures on primary production could not be observed in these experiments, the stronger response of respiration relative to autotrophic production to elevated temperatures favors a shift towards a more heterotrophic system and associated lower vertical export of organic matter, which is consistent with the results of model TEMP.
Conclusions
[13] The model experiments presented here reveal that temperature sensitivities of metabolic rates have the potential to play an important role in controlling marine ecosystem processes and their response to climate change. Depending on whether or not metabolic rates are assumed temperature dependent in the model, not only the magnitude, but even the direction of global-warming induced change is different for global NPP and the associated cycling of carbon and nutrients through the model ecosystem. Our model results also show that it is possible to adjust models with and without explicit temperature dependence about equally well to observed biogeochemical tracer distributions, which alone do not seem to provide sufficient information to judge which of the two model configurations TEMP or NOTEMP and, by inference, which sign of projected 21st century NPP change is more realistic.
[14] In contrast to NPP, simulated export production and thereby the effective drawdown of carbon appear closely tied to the physically driven supply of nutrients and respond almost equally to climate change, regardless of whether direct temperature effects on biology are included in the model or not. In this regard, our results are consistent with results from previous studies [Bopp et al., 2001; Cox et al., 2000; Fung et al., 2005] , which all project a decrease in export production in response to global warming. However, a number of global models also simulate a future decrease in primary production [Steinacher et al., 2010] , which is not found in our model configuration TEMP, where elevated temperatures lead to higher NPP and accelerated carbon cycling. Our results also indicate that changes in NPP are closely linked to the temperature sensitivities of recycling processes and especially the microbial loop, which are not considered in most other global models [Steinacher et al., 2010] . However, the intricate balance between production and respiration under increasing temperatures is still not understood properly and needs further research .
[15] Our study has shown that the simulated response of NPP to climate change depends on the assumptions made about the temperature dependencies of metabolic processes. Here we used the same temperature function for both autotrophic and heterotrophic processes. However, marine phytoplankton growth and photosynthesis are mainly controlled by light supply and nutrient availability and are therefore commonly assumed to show a weaker response to elevated temperatures than heterotrophic processes such as bacterial degradation [Pomeroy and Wiebe, 2001; Riebesell et al., 2009] . Including these considerations in refined models might further accelerate the simulated microbial loop and thereby enhance the discrepancy in the responses of NPP and export production to global warming. We conclude, that a better understanding and model representation of direct temperature effects on biological processes is required in order to obtain robust estimates of even the direction of marine primary production changes under global warming.
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